Despite studies that have investigated the interactions of double-stranded RNA-binding proteins like Staufen with RNA in vitro, how they achieve target specificity in vivo remains uncertain. We performed RNA co-immunoprecipitations followed by microarray analysis to identify Staufen-associated mRNAs in early Drosophila embryos. Analysis of the localization and functions of these transcripts revealed a number of potentially novel roles for Staufen. Using computational methods, we identified two sequence features that distinguish Staufen's target transcripts from non-targets. First, these Drosophila transcripts, as well as those human transcripts bound by human Staufen1 and 2, have 3 0 untranslated regions (UTRs) that are 3-4-fold longer than unbound transcripts. Second, the 3 0 UTRs of Staufen-bound transcripts are highly enriched for three types of secondary structures. These structures map with high precision to previously identified Staufen-binding regions in Drosophila bicoid and human ARF1 3 0 UTRs. Our results provide the first systematic genome-wide analysis showing how a double-stranded RNAbinding protein achieves target specificity.
INTRODUCTION
RNA-binding proteins (RBPs) direct many co-and posttranscriptional processes. There are a number of different classes of RBPs that are defined by the presence of different RNA-binding domains (RBDs) (1) . One class of RBP is double-stranded RBPs (dsRBPs), defined by the presence of one or more double-stranded RBDs (dsRBDs). dsRBDs are characterized by a conserved abbba fold (2-4) and bind specifically to double-stranded RNA (dsRNA) (5, 6) . Proteins containing dsRBDs have roles in diverse processes and include Escherichia coli RNase III, Xenopus laevis Xlrbpa, a dsRBP associated with cellular RNAs and ribosomes, the dsRNA-dependent protein kinase PKR, dsRNA-dependent adenosine deaminases (ADARs), and Dicer, an important component of the RNA interference (RNAi) machinery.
One of the best-characterized dsRBPs is Staufen, an evolutionarily conserved protein first identified in Drosophila (7, 8) . In Drosophila, Staufen is essential for localization and translation of oskar mRNA at the posterior of the oocyte (9) (10) (11) , for the anchoring of bicoid mRNA at the anterior of the early embryo (12, 13) and for asymmetric localization of prospero mRNA in dividing embryonic neuroblasts (14) (15) (16) (17) .
Mammals possess two Staufen homologs, Staufen1 and Staufen2, both of which function in developing and adult neurons (18) (19) (20) (21) . Staufen2 has also been shown to segregate asymmetrically during mammalian neural stem cell divisions and to regulate that lineage (22, 23) . Staufen1 and 2 have been shown to direct degradation of target RNAs (24, 25) , and Staufen1 enhances the translation of its targets (26) , regulates pre-mRNA splicing (27) and facilitates export of target mRNAs from the nucleus (28) . The Caenorhabditis elegans Staufen homolog has been implicated in exogenous RNAi (29) .
How dsRBPs like Staufen recognize specific mRNA targets in vivo is not well understood. Drosophila Staufen contains five dsRBDs, three of which (dsRBD1, dsRBD3 and dsRBD4) bind to dsRNA in vitro (9) , and one of which (dsRBD3) binds optimally in vitro to a stem-loop containing 12 uninterrupted base pairs (bp) when compared against other stem loops (30). However, 12 uninterrupted base pairs are present in only one of the three regions of the bicoid 3 0 untranslated region (UTR) to which Staufen binds in vivo (13, 31) . In mammals, a 19 bp stem is required for Staufen1 binding to ARF1 mRNA, its best-characterized target (32) , but comparable structures have not been detected in other targets of Staufen1 (24, 32, 33) . Intermolecular RNA-RNA interactions may also be important for target recognition by dsRBPs: loop-loop interactions between bicoid mRNAs (29) and interactions between long non-coding RNAs and Alu elements in human targets (34) or B elements in rodent targets (35) have been shown to be important for Staufen binding.
To understand how Staufen recognizes its targets in vivo, as well as identify new biological roles for Drosophila Staufen, we have performed RNA coimmunoprecipitations (RIPs) followed by microarray analysis (RIP-Chip) to identify Staufen mRNA targets in early Drosophila embryos. We used an anti-green fluorescent protein (GFP) antibody to immunoprecipitate transgenic GFP-tagged Staufen (16) as well as a synthetic anti-Staufen antibody (36) to immunoprecipitate endogenous Staufen from wild-type embryos. These experiments identified numerous novel Staufen-associated mRNAs, with a high degree of overlap between the Staufen targets identified by each approach. The functions and localization patterns of these targets support previously known Staufen functions and suggest novel roles for Staufen in early embryos. Using computational methods, we identified secondary structures that are enriched among Staufen targets and are highly specific to Staufen-bound transcripts.
MATERIALS AND METHODS

Drosophila stocks
Drosophila stocks used were as follows: w 1118 , GFPStaufen transgenics (14) (line: GFP311) and staufen mutants with the genotypes w; stau D3 cn sp/CyO; GFPStau2.2FL/TM3 and TM6B, w; stau D3 /CyO (37), and P[ry11] stau ry9 cn 1 /CyO; ry 506 (8) .
RNA co-immunoprecipitations
For RIPs with synthetic anti-Staufen antibody, synthetic antibodies were expressed and purified as Fabs, and immunoprecipitations were as described (36) with only minor modifications. For anti-GFP-Staufen immunoprecipitations for western blots, RIP-Chip and quantitative PCR (qPCR) validation experiments, protein G magnetic beads (Invitrogen Cat. # 10004D) were first blocked (38) , and immunoprecipitations were then performed using a protocol adapted from Invitrogen's Dynabeads Õ Protein G protocol and Roche's immunoprecipitation protocol for anti-GFP (Roche Cat. # 11814460001). The RNA retrieved from these immunoprecipitations was isolated using TRIzol (Invitrogen) following the manufacturer's protocol and concentrated using RNA clean and concentrator 5 columns (Zymo Research Cat #R1015). For the comparison of synthetic antibody to anti-GFP RIPs ( Figure 2C ), a slightly different protocol was used, with the anti-GFP RIP protocol modified to be as similar as possible to the synthetic antibody RIP protocol. Details can be found in the Supplementary Materials and Methods.
Microarrays
For microarray analysis, double-stranded cDNA was prepared following the protocol described in the NimbleGen Array User's Guide (Gene Expression Arrays, version 5.0) with minor modifications. For all samples, 500 ng of double-stranded cDNA was labelled with Cy3-or Cy5-tagged random nonamers following the Roche NimbleGen protocol. Labelled cDNA was then hybridized to custom-designed Drosophila 4 Â 72K NimbleGen arrays (GEO platform number: GPL10539). Microarray data were analyzed using the Significance Analysis of Microarrays (39) function available in the MultiExperiment Viewer (MeV) software application (40, 41) . Details can be found in the Supplementary Materials and Methods, and see Supplementary Figures S1 and S4.
Data access
The data reported in this study have been deposited in NCBI's Gene Expression Omnibus (42) and are accessible through GEO Series accession number GSE43418 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE 43418).
Reverse transcription-quantitative PCR
For reverse transcription-quantitative PCR (RT-qPCR), RNA isolated from immunoprecipitates was reverse transcribed with random hexamer primers and Superscript II reverse transcriptase (Invitrogen). The resulting single-stranded cDNA was subjected to real-time PCR with SYBR green PCR master mix (ABI) using a CFX384 Real-Time System (Bio-Rad). Relative levels of different transcripts were determined using a standard curve.
Gene set annotation enrichment analysis
The Database for Annotation, Visualization and Integrated Discovery (DAVID) functional annotation tool web server (43,44) was used. Terms or features enriched at a false discovery rate (FDR) of 10% and/or a Benjamini P-value of <0.1 were considered significant. Details can be found in the Supplementary Materials and Methods.
Localization pattern enrichment analysis
The subcellular localization of Staufen-associated transcripts as annotated in the Fly-FISH database (http:// fly-fish.ccbr.utoronto.ca/) was analyzed to ask whether these transcripts were enriched for particular localization patterns (Fly-FISH annotations up to date as of November 2012 were analyzed). Enrichment was determined using Fisher's exact test, and P-values were adjusted for multiple comparisons using the BenjaminiHochberg method to estimate FDRs. Localization terms enriched at an FDR 10% were considered significant. Details can be found in the Supplementary Materials and Methods.
Source of transcript sequences for assessment of UTR and open reading frame lengths and motif finding
The Drosophila melanogaster (BDGP5) and Homo sapiens (GRCh37.p6) transcript sequences were downloaded from Ensembl using BioMart (http://www.ensembl.org/ biomart/martview/eea40c9db7c1002506d5c766e8772c08) in August 2012. We downloaded all cDNA sequences and defined 3 0 UTRs as the portion of the cDNA 3 0 to the coding sequence, as defined by Ensembl. When there were multiple isoforms for a gene, we used the longest isoform to represent its mature mRNA sequence.
Definitions of secondary structure terms
Throughout this article, in reference to a specific secondary structure: we use the term 'paired' to refer to RNA bases that participate in a canonical base pair (i.e. a Watson-Crick base pair or a G-U wobble); we use the term 'mismatch' to indicate two bases that are found across from one another in a secondary structure but are not canonical base pairs; we use the term 'unpaired' to refer to bases that do not have a corresponding partner base on the other strand of a stem. Mismatches only occur in internal loops and unpaired bases occur in either bulge loops or internal loops, although the latter need not contain any unpaired bases. For example, the right-hand internal loop indicated in the schematic in Figure 5A contains two mismatches and one unpaired base, whereas the bulge in Figure 5A contains three unpaired bases and no mismatches.
Defining N of M motif hits
We estimated the ensemble probability that a region of M bases will contain at least N paired bases using the ensemble probabilities that individual nucleotides within these regions will be paired. First, for the entire 3 0 UTR, we computed the single nucleotide base-pairing probability using RNAplfold (45) , with parameter settings W = 200, L = 150 and U = 1 as recommended (46) . When folding the 3 0 UTR, we also included the 150 nt that comprise the 5 0 flanking sequence of the 3 0 UTR (i.e. the 3 0 -most 150 nt of the coding region) so that the folding window was not truncated at the 5 0 -end of the 3 0 UTR. We then estimated the probability that N bases in an M nucleotide region are paired using the M-N+1 th lowest single-nucleotide probability from the region. Specifically, the pairing probability of the N of M motif was estimated using the lowest single-nucleotide probability in the M-mer, after removing the nucleotides with the lowest M-Nth single-nucleotide probability among all the nucleotides except the 5 0 -and 3 0 -closing bases. When M = N, this estimate is an upper bound on the probability that the entire region is paired; for other values of N, it is a convenient estimate. For each N of M pair, which we call a 'motif' because it corresponds to a contiguous sequence of bases, we deemed 'hits' to be those regions in the top 1% of the N of M probabilities across all 3 0 UTRs. When scoring other regions of the transcript [5 0 UTR or open reading frame (ORF)], we used the 1% cut-offs defined on 3 0 UTRs to select motif hits.
Discovery of N of M motifs that predict Staufen binding
To assess how well the N of M motif hits distinguish the Staufen targets from the co-expressed non-targets, we calculated Wilcoxon rank sum P-values and corresponding area under the receiver operating characteristic (ROC) curves (AUROCs) for all values of N and M where M ranged from 1 to 22 and the allowed number of mismatched or unpaired bases ranged from zero to either 4 or M divided by 4, whichever was less. The Wilcoxon rank sum P-values and the AUROCs were computed based on transcript 'N of M motif hit scores', which, for a given N and M, were the sum of the probabilities of all N of M motif hits in the transcript's 3 0 UTR. These Wilcoxon rank sum P-values and AUROCs were compared with those derived from the 3 0 UTR length as a baseline. Least absolute shrinkage and selection operator (LASSO) sparse logistic regression was performed to further identify the optimal motifs for Staufen binding. The likelihood ratio test was performed to assess the significance of the improved goodness-of-fit of a regression model containing the selected motifs-over 3 0 UTR length alone-at classifying transcripts according to whether they were bound by Staufen. In some instances, we also used these methods to assess the goodness-of-fit of regression models based on motif hits in 5 0 UTRs and coding regions; in those cases, we replaced the 3 0 UTR-based transcript score with summed probabilities of motif hits in the appropriate region.
Defining [12, 10] and [19, 15] structures For each 10 of 12 and 15 of 19 motif hit, we input the region and 150 nt of flanking sequence on either side into Sfold (47) . We used Sfold to compute both the centroid structure of the input sequence as well as 1000 samples from the structural ensemble. In each structure, we then identified stems that had either a 10 of 12 or a 15 of 19 motif hit as one side of the stem and deemed them [12, 10] and [19, 15] structures, respectively. For a motif hit to be deemed a valid structure, it had to satisfy three criteria: (i) at least N of its M bases had to be paired, including the first and last bases; (ii) its 'partner region', which is the transcript sequence between the bases that pair with the first and last bases of the N of M motif hit, had to pair only with bases in that hit (i.e. contain no hairpins); (iii) the motif hit had to pair only with bases in its partner region. We found that motif hits that corresponded to valid structures in the centroid also corresponded, in nearly every case, to valid structures in the majority of the ensemble samples. We, therefore, used the centroid to represent the ensemble as this simplified subsequent analysis. We removed any motif hit from consideration that did not correspond to an appropriate valid structure in the centroid. Structures in which both sides of the stem corresponded to motif hits were only represented once in subsequent analyses. These steps are diagrammed in Figure 5B and C.
Identification of additional features of Staufen-recognized [12, 10] and [19, 15] structures
We examined additional features of [12, 10] and [19, 15] structures to determine whether any of these distinguished the target and non-target sets. They were as follows: (i) number of mismatches; (ii) number of unpaired bases; (iii) number of bulge loops; (iv) number of internal loops; (v) maximum loop size-which is the maximum loop size among all bulge and internal loops in the stem spanned by the [12, 10] or [19, 15] structure where the size of a loop is the length of the longest side of the loop; and (vi) the distance between the two paired regions which, depending on the relative position of the motif hit and its partner region, is either the distance between the 3 0 -end of the motif hit and the 5 0 -end of its partner region or vice versa. We compared the distribution of these feature values in the target and non-target sets at both the level of individual structures and at the transcript level using cumulative distribution function plots and Wilcoxon rank sum tests. The feature value assigned to each transcript was the minimum value for that feature for all corresponding structures in the transcript.
Using Staufen-recognized structures to predict Staufen targets and non-targets
The 'Results' section defines Type I, II and III Staufenrecognized structures (SRSs), and a Type II SRS is diagrammed in Figure 5C . To assess the predictive value of SRSs, we ranked transcripts based on the presence of any of the three types of SRSs in their 3 0 UTRs. The relative enrichment for transcripts containing the three SRSs is described in the 'Results' section: it decreases from Type I to Type III. We therefore assigned the highest rank to transcripts containing a Type I SRS, the second highest to those with a Type II but not a Type I SRS, the next highest to those that only contained a Type III SRS, and the lowest rank to those without any SRSs. We then plotted an ROC curve that demonstrates the ability of this ranking to distinguish target and nontarget transcripts and computed the AUROC.
Scoring of the precision of motif mapping
To compute the precision of the mapping of the SRSs, we computed the proportion of nucleotides in motif hits that are in experimentally defined Staufen-binding regions in the 3 0 UTR-region of interest: the entire 3 0 UTR in the case of bicoid (13, 31) and an experimentally defined 300 nt subset of the ARF1 3 0 UTR (32) . 'Baseline precision' is the proportion of the 3 0 UTR (bicoid) or 3 0 UTR subset (ARF1) that is in experimentally defined Staufen-binding regions. In the case of Drosophila Staufen's binding region in the bicoid 3 0 UTR, the union of the experimentally defined sites (13) was used in the calculation.
Defining bound and unbound sets for the human Staufens
To define the Staufen targets and co-expressed non-targets in human cells, we re-analyzed the published human Staufen RIP-Chip data sets (33) . Details can be found in the Supplementary Materials and Methods.
RESULTS
Genome-wide identification of Staufen-associated mRNAs
To identify mRNAs associated with Staufen in early Drosophila embryos, we performed RIP-Chip using two complementary approaches. First, we carried out RIPChip of endogenous Staufen from wild-type 0-3 h old embryos using a synthetic antibody, anti-Staufen 2A5, that we previously showed immunoprecipitates Staufen protein along with bicoid mRNA (36) . As a negative control, we performed immunoprecipitations using a control antibody (C1) derived from the same synthetic antibody library as anti-Staufen 2A5 (36) . We identified 46 genes whose mRNAs were enriched at least 2-fold in Staufen immunoprecipitates compared with negative control immunoprecipitates and had an FDR of <5% ( Figure 1A and B and Table 1 ; Supplementary Figures S1 and S2; Supplementary Table S1; see 'Materials and Methods' section for details). All three previously identified Staufen target mRNAs, bicoid, oskar and prospero, were among these 46, and bicoid mRNA was the most highly enriched target identified. Validation experiments using RT-qPCR are presented in Supplementary Table S2 .
To complement the synthetic antibody RIP-Chip, we also performed RIP-Chip using flies expressing GFPtagged Staufen (16) immunoprecipitated with a commercially available anti-GFP antibody. Western blotting showed that this antibody successfully immunoprecipitated the fusion protein from transgenic embryo extract (Supplementary Figure S3A) and that GFPStaufen is present at 1.5-2.0-fold higher levels in GFPStaufen extract than endogenous Staufen in wild-type extract (Supplementary Figure S3B) . This anti-GFP RIPChip identified 503 genes (of 6151 expressed) whose mRNAs were enriched at least 2-fold in the anti-GFP immunoprecipitates compared with an anti-FLAG control and had an FDR of <5% (Figure 1C Table S3 ). As with the synthetic antibody, all three previously known Staufen mRNA targets were identified, and bicoid was again the most highly enriched target. RT-qPCR validation experiments are presented in Supplementary  Table S2 . In all, 41 of the 46 genes (89%) identified as Staufen targets using the synthetic antibody were also identified by the anti-GFP RIP-Chip (Fisher's exact test, P < 3 Â 10 À16 ; Figure 2A ). Moreover, 36 of the 46 targets identified by the synthetic antibody lay within the 100 most highly enriched targets in the anti-GFP experiment ( Figure 2B ). Therefore, there is a high degree of similarity between the results of the two experiments.
However, the anti-GFP RIP-Chip identified 10-fold more targets than the synthetic antibody RIP-Chip. This discrepancy is likely attributable to differences both in antibody affinities and in expression levels of endogenous versus transgenic Staufen. For example, RIPs using anti-GFP antibody from GFP-Staufen extract gave a 3-fold higher enrichment of bicoid mRNA than synthetic antiStaufen antibody from the same extract ( Figure 2C ), most likely as a result of more efficient pull-down of Staufen by the anti-GFP antibody. However, RIPs using the synthetic antibody from GFP-Staufen extract yielded 1.5-2-fold higher enrichment of bicoid mRNA than RIPs using the same antibody from wild-type extract ( Figure  2C ). As GFP-Staufen is present at 1.5-2.0-fold higher levels in GFP-Staufen extract than endogenous Staufen in wild-type extract (Supplementary Figure S3B) , overexpression of GFP-Staufen also appears to contribute to binding to a larger number of mRNAs.
This effect of the overexpression of GFP-Staufen raises the possibility that a subset of the 503 targets identified by the anti-GFP RIP-Chip may not be natural Staufen targets and may only be bound in the context of its overexpression. We therefore created a high-confidence list of 48 targets by applying a more stringent 5-fold enrichment cut-off to the anti-GFP data (Figure 1E and F; Table 1; Supplementary Table S3) . These included bicoid, oskar and prospero and shared a total of 25 transcripts with the synthetic-antibody-identified targets ( Figure 2A and B), a highly significant overlap (Fisher's exact test, P < 3 Â 10 À16 ). To avoid excluding low-affinity but real targets of Staufen identified in the anti-GFP RIP-Chip with a 2-fold enrichment cut-off, while also ensuring particular consideration of the high-confidence targets identified using the synthetic antibody and the anti-GFP RIP-Chip with a 5-fold cut-off, our subsequent analyses were conducted on all three lists of Staufen-associated transcripts.
Functional analysis of Staufen-associated transcripts
To gain insight into potentially novel functions for Staufen in early embryos, we analyzed Staufen-associated mRNAs by gene set annotation enrichment analysis using the DAVID functional annotation tool (43, 44) . Two stringencies were applied: the standard FDR cut-off ( 10%) or the more stringent 'Benjamini' P-value ( 0.1) ( Table 2 and Supplementary Tables S4-S6 ). This revealed a number of functions for Staufen in early embryos.
First, our results suggest a more general role than previously suspected for Staufen in controlling the spatial and/or temporal aspects of transcription in early embryos by binding and regulating mRNAs encoding transcriptional regulators. Along with the previously known targets, bicoid and prospero, which encode homeodomain-containing transcriptional regulators, the newly identified targets included two additional homeodomain-encoding transcripts (ocelliless and nubbin), Mediator complex subunit 14 of the basal transcription machinery and several known or potential epigenetic regulators (Polycomb, Dorsal switch protein 1 and Histone demethylase 4B). Consistent with this more general role in transcriptional regulation, annotation terms related to 'transcription regulator' or the keyword 'homeobox' were significantly enriched among targets (Table 2 and Supplementary Tables S4-S6) .
Second, all three of Staufen's previously identified targets control cell fate either via transcriptional (bicoid, prospero) or post-transcriptional (oskar) regulation. Our results suggest a more general role for Staufen in regulation of cell fate and patterning at these levels as well as at the level of signal transduction and the cell cycle. Staufen's newly identified targets include mRNAs encoding signaling molecules, cell-cycle regulators, additional transcriptional regulators and additional post-transcriptional regulators with roles in cell fate determination. Accordingly, GO terms related to cell fate were significantly enriched among all three lists of targets (Table 2  and Supplementary Tables S4-S6) .
Third, Staufen is expressed and functions both during oogenesis and in the early embryo. Many of its targets are maternal mRNAs that encode proteins that are likely to function at both of these developmental stages. Thus, GO terms related to 'gamete generation', 'oogenesis' and various aspects of 'reproductive process' were significantly enriched among the targets (Table 2 and Supplementary  Tables S4-S6 ). The fact that GO terms related to 'reproductive process' are also enriched in the targets recently identified for a Staufen homolog in C. elegans (29) , suggests a conserved role during oogenesis and in early embryos.
Fourth, the SwissProt keyword 'alternative splicing' and/or the UniProt sequence feature 'splice variant', both of which denote genes with alternatively spliced isoforms, were significantly enriched among Staufen targets (Table 2 and Supplementary Tables S4-S6 ). This suggests a novel role for Drosophila Staufen: binding to transcripts that are alternatively spliced and/or regulation of alternative splicing. The latter function would be consistent with a recently reported role for mammalian Staufen1 in regulation of alternative splicing (27) .
Finally, GO terms related to nervous system development (i.e. 'neuroblast differentiation', 'neurogenesis') and function ('cognition') were significantly enriched among Staufen targets (Table 2 and Supplementary Tables  S4-S6 ). Ninety-five percent (42/44) of the genes from the anti-GFP 2-fold list in the categories 'neuron differentiation' and/or 'cognition' are expressed maternally in early embryos (according to the Fly-FISH database (49) , the BDGP in situ database (50, 51) and/or the modENCODE temporal expression data (52) available on FlyBase) as well as later in the developing or adult nervous system. Given that Staufen is expressed in the developing and adult nervous system, our data suggest that Staufen may regulate these targets at two different stages of development.
Sub-cellular localization of Staufen-associated transcripts
Given Staufen's well-established and conserved role in mRNA localization, we analyzed the Staufen-associated mRNAs for enrichment of subcellular localization patterns reported by the Fly-FISH database (49) (http:// fly-fish.ccbr.utoronto.ca/) (see 'Materials and Methods' section for details). Analysis of the embryonic stage 1-3 as well as the stage 4-5 localization patterns of Staufen targets showed a striking enrichment for categories related to posterior localization (FDR < 1% for anti-GFP 2-fold targets; Figure  3 and Supplementary Tables S7-S12), consistent with the fact that Staufen is concentrated in the posterior of the early embryo (8) . The $30 posterior-localized Staufen targets include nanos, oskar, arrest, lost, IGF-II mRNAbinding protein (Imp) and oo18 RNA-binding protein (orb) mRNAs, all of which encode well-known post-transcriptional regulators, and several of which are known to function in the germ plasm.
Staufen targets were also significantly enriched for the stage 1-3 localization category 'cell division apparatus' and the stage 4-5 category 'apical enrichment' (Figure 3 and Supplementary Tables S7-S12). These categories are intriguing, as they are consistent with the previous observation that on injection into early embryos of in vitro synthesized bicoid 3 0 UTR RNA, Staufen localizes to mitotic spindle poles during mitosis and to the cortex of the embryo in association with the migrating syncytial nuclei (13) .
Finally, analysis of the stage 4-5 patterns of Staufenassociated mRNAs showed highly significant enrichment (FDRs ranging from 0.004 to 8.3% for anti-GFP 2-fold targets) for categories describing zygotic transcription ( Figure 3 and Supplementary Tables S7-S12). Enrichment for targets in the process of being transcribed is intriguing in light of the enrichment among Staufen's targets for alternatively spliced transcripts (discussed earlier in the text) and the reported role of mammalian Staufen1 in regulation of alternative splicing (27) .
Drosophila and human Staufen targets have unusually long 3 0 UTRs
We next assessed features of the transcript sequence that might distinguish Staufen-associated mRNAs from co-expressed non-target mRNAs (hereafter referred to simply as 'non-targets'). First, we compared 5 0 UTR, ORF and 3 0 UTR lengths and found that the median 3 0 UTR length of targets was 3-4-fold greater than that of the non-targets for all three target lists (synthetic anti-Staufen, anti-GFPStaufen 2-fold and anti-GFP-Staufen 5-fold) with a Bonferroni-corrected Wilcoxon rank sum of P < 10 À4 ( Figure 4A ; Supplementary Table S13). The 5 0 UTRs of targets on both anti-GFP lists were also significantly longer than non-targets, although to a lesser extent (2-3-fold; Bonferroni-corrected Rank sum P < 10 À5 ), and this was not the case for the synthetic anti-Staufen targets (fold = 1.78; Bonferroni-corrected Rank sum P = 0.11). The median length of target ORFs on the anti-GFP 2-fold list was marginally longer (Bonferroni-corrected Rank sum P = 0.04), but this was not true for the other two lists.
We next re-analyzed three previously published RIPChip experiments identifying human Staufen1 and 2 targets (33) and found that they also had $ 4-fold longer 3 0 UTRs than co-expressed non-targets (Bonferroni-corrected Rank sum P < 10 À7 ) (Figure 4B  and Supplementary Table S13 ; see 'Materials and Methods' section). There was no significant difference in 5 0 UTR or ORF length for these targets (Figure 4B and  Supplementary Table S13 ).
In summary, 3 0 UTR length is a major feature that distinguishes both the Drosophila and human Staufen targets from non-targets. To determine whether long 3 0 UTRs were unique to Staufen targets, we asked whether targets of several single-stranded RBPs also have long 3 0 UTRs. We calculated the ratios of median 3 0 UTR lengths of single-stranded RBP targets to the median lengths of the 3 0 UTRs of co-expressed nontargets identified using RIP-Chip for Drosophila PUM (53), human ELAVL1 (54), human PTB (55) and human PUM1 (56) . In all cases, the mRNAs in these target sets also had long 3 0 UTRs; however, the fold increase was less than for Staufen targets: 1.5-2.5-fold rather 3.0-4.5-fold (Supplementary Table S13 and Supplementary Figure S6) .
Thus, although long 3 0 UTRs are a feature of the targets of both double-stranded and single-stranded RBPs, Staufen targets exhibit particularly long 3 0 UTRs.
High-confidence Drosophila Staufen target mRNAs are enriched for paired regions of specific lengths in their 3 0 UTRs
We next asked whether we could identify specific structural motifs in the 3 0 UTRs of Staufen targets that would distinguish them from non-targets. Specifically, we searched for double-stranded stems of varying length, ranging from 1 to 22 bp, and with varying degrees of imperfect pairing, and asked whether any such structures were enriched among Staufen targets compared with non-targets. Local folding of mRNA is a better predictor of its secondary structure and protein interaction than global folding (46,57) but local folding tools, such as RNAplfold, only output the probability that a single base is paired. As such, we adopted a hybrid strategy to identify the characteristics of stems bound by Staufen: we first identified regions of the mRNA sequence likely to be paired; then, we assessed Staufen's preferences for paired regions of various sizes (1-22 nt) and, finally, filtered the preferred regions for those that were actually stems. Figure 5 diagrams the steps in this process. To identify 3 0 UTR regions likely to be in stems, for all M-mers (M = 1 to 22 contiguous nucleotides), we estimated the probability that a number, N, of these M contiguous bases was paired using RNAplfold. This is a necessary but not sufficient condition for the M-mer to be in a stem with N of its bases paired. For each M-mer, we set a range for the allowed number of mismatched or unpaired bases from zero to either four or M divided by four, whichever was less (e.g. where M-N = 0 to min [4,M/4] 
0 UTRs (see Supplementary Table S14 for the cut-offs). We refer to each N of M as a different 'motif' because each corresponds to a contiguous sequence of bases. Figure 5B diagrams several motif hits. We assigned each transcript an N of M 'motif hit score' equal to the sum of the probabilities of all hits in that transcript's 3 0 UTR (see 'Materials and Methods' section for details) and asked whether these scores were significantly higher in the Staufen target transcripts versus the non-targets using a one-sided Wilcoxon rank sum test. In addition, to ensure that any significant increase in N of M motif scores of Staufen targets was not solely a result of the differences in 3 0 UTR length, we set the Rank sum P-value of the 3 0 UTR length as the baseline. We used AUROC to indicate the effective size of the enrichment, as it has a linear relationship with the Wilcoxon rank sum test statistic; in the vast majority of cases, the feature (i.e. N of M motif score or 3 0 UTR length) associated with a higher AUROC on a data set also has a more significant P-value. AUROC is also a measure of classification accuracy; in this context, if a feature has a higher AUROC, its scores are better predictors of Staufen binding in these data.
We performed this analysis on each of the three sets of Drosophila Staufen targets described earlier in the text as well as, for comparison, Pumilio targets (53) . Analysis of the Staufen targets identified by anti-GFP RIP-Chip with a 2-fold enrichment cut-off and of the Pumilio targets did not reveal any N of M motifs with higher AUROC than 3 0 UTR length (Supplementary Table S15 ). In contrast, analyses of the targets identified using either synthetic anti-Staufen or anti-GFP-Staufen with 5-fold cut-off revealed AUROCs above baseline for several N of M motifs ( Figure 6 ; Supplementary Table S15): for the synthetic antibody targets, these included values of M ranging from 4 to 21, with the highest peak at the 10 of 12 motif ( Figure 6A , Supplementary Table S15); for the anti-GFP 5-fold targets, these included values of M ranging from 8 to 22, with the highest peak at the 16 of 19 motif ( Figure  6C , Supplementary Table S15).
Many of these motifs differed by only one in M or in N, raising the possibility that some of the motifs performed well simply because they were imperfect predictors of the presence of a related motif. Indeed, the values of the transcript scores for similar motifs were extremely highly 62 -HA expressor (33) (with 5-fold enrichment cutoff, FDR < 5%). The statistical significance of the differences between the lengths of targets and non-targets was assessed using Bonferronicorrected Wilcoxon Rank sum P-values: *P < 0.05, **P < 0.001, ***P < 10 À6 . Exact numbers are given in Supplementary Table S13. correlated (Supplementary Figure S7) . Therefore, to select a core non-redundant set of N of M motifs that collectively explained Staufen's binding preferences, we performed LASSO logistic regression on the synthetic antibody and anti-GFP 5-fold lists. As potential features to distinguish Staufen targets from non-targets, we used 3 0 UTR length and all of the N of M motifs identified by us as individually having AUROCs above baseline. This sparse regression analysis assigns weights to each feature, with the most important features being assigned the greatest weights and the least important features receiving weights of zero. For both data sets, LASSO assigned non-zero weights to 10 of 12 (which had the greatest weights: 0.34 and 0.43) and to 15 of 19 (which had a weight of 0.13 for both target sets) ( Figure 6B and D). Non-zero weights were also given to 9 of 10, 11 of 11, 14 of 16 and 18 of 20. The logistic regression models containing these collections of motifs had a significantly better fit to the Staufen-binding data from their corresponding sets than ones based on 3 0 UTR length alone (likelihood ratio test P < 10 À7 for synthetic antibody and P < 10
À11
for the anti-GFP, 5-fold; Figure 6 and Supplementary Table S15), indicating that the presence of these motifs explains Staufen's binding preferences better than the strong bias in 3 0 UTR length noted earlier. Having identified this core set of motifs through our analysis of 3 0 UTRs, we also asked whether there was enrichment for these motifs in the 5 0 UTRs or ORFs of Staufen-bound mRNAs. To do this, we asked whether the motif scores computed for the 5 0 UTR or ORF had significantly higher AUROCs than just the length of the corresponding region at the task of classifying transcripts according to Staufen binding, on either the synthetic antibody or anti-GFP 5-fold target sets (Supplementary  Table S16 ). For both 5 0 UTR and ORF, none of the motifs was a better predictor than length. In addition, notably, the motif hits in the 3 0 UTR had consistently higher AUROCs than those in either the ORF or 5 0 UTR (e.g. AUROCs of 0.73-0.90 for those in the 3 0 UTR versus 0.48-0.63 for 5 0 UTR and ORF; see Supplementary Table S16) .
Having identified several potential motifs that are enriched in the 3 0 UTRs of Staufen's targets, we combined the Staufen-associated transcripts from the synthetic antibody and GFP 5-fold data sets to further refine our model of Staufen binding. This created a new set of Staufen target transcripts consisting of the union of the Staufen targets from the two data sets, and a new set of co-expressed non-targets consisting of the intersection of the non-targets from the two data sets. Repeating our regression analysis on these new sets, we found that the fit of the model containing only the 10 of 12 [P > 0.05, one-tailed likelihood ratio test (LRT)]. Furthermore, the model containing only the 10 of 12 and 15 of 19 motifs had a significantly better fit than one that only contained one of these two motifs (P < 0.05 for both, one-tailed LRT, Bonferroni-corrected).
As such, for further analysis, we considered only 10 of 12 and 15 of 19.
Computational analysis of the properties of dsRNA stems bound by Staufen
The aforementioned analysis provides information for only one side of a potential dsRNA structure (i.e. the black strands illustrated in Figure 5B ). As such, a single N of M designation describes a large number of potential secondary structures (for some examples, see the combinations of black and grey strands in Figure 5B ). Thus, to further refine our analysis, we next sought to identify properties of the dsRNA stems that corresponded to the 10 of 12 and 15 of 19 motif hits. To do so, we used Sfold (47) to predict the secondary structure of a region of $300 nt centred on each of the 10 of 12 and 15 of 19 motif hits. Sfold outputs two results, both of which we considered in our analysis: a set of 1000 structures sampled from the ensemble of all possible secondary structures, and the 'centroid' structure, which is the single structure with the highest total agreement with all 1000 samples. Using the Sfold results, we then identified those centroids where the motif hit satisfied the following three critera, thus placing it in a dsRNA stem: (i) at least N of its M bases had to be paired, including the first and last bases; (ii) its 'partner region', which is the transcript sequence between the Wilcoxon rank sum P-values were used to assess how well a particular double-stranded stem could distinguish between Staufen targets and co-expressed non-targets that were defined by (A) synthetic antibody RIP-Chip (with 2-fold enrichment cut-off, FDR 5%) or (C) anti-GFP RIP-Chip (with 5-fold enrichment cut-off, FDR 5%). The test was performed on stems of varying length ranging from 1 to 22 base pairs (indicated on the x-axis) and with varying degrees of imperfect pairing ranging from 0 to 4 mismatches (indicated by the different colours and symbols). Among these, only the stems with more significant P-value than 3 0 UTR length (the baseline) are shown and were tested in the analysis shown
in (B) and (D). (B, D) Using the stems identified in (A) and (B) as well as the 3
0 UTR length as the features, LASSO regression was trained to select the features most relevant to Staufen target prediction (i.e. features with non-zero weights). Compared with the training model using 3 0 UTR length only, the LASSO-selected features significantly improved the prediction of Staufen binding: likelihood ratio test P < 10 À7 (B) and P < 10 À11 (D). Exact numbers are given in Supplementary Table S15. bases that pair with the first and last bases of the N of M hit, had to pair only with bases in the hit (i.e. contain no hairpins); (iii) the motif hit had to pair only with bases in its partner region (compare Figure 5B and C to see examples of structures that are filtered out, or retained, using these criteria). Based on these analyses, we found that a significantly higher percentage of motif hits were in dsRNA stems in the Staufen targets versus non-targets (Table 3 , P < 10 À9 ). We then removed hits that did not correspond to dsRNA stems and combined hits that were on either side of the same dsRNA stem into a single structure consisting of the motif hit and the sequence with which it pairs. We call these structures [12, 10] and [19, 15] where the first number indicates that at least one side of the dsRNA stem spans exactly 12 (or 19) nt, and the second number indicates that at least 10 (or 15) bases are paired on that side (e.g. see Figure 5C ). The partner region could, in principle, span a different number of nucleotides and have fewer or more unpaired bases.
On further analysis of the [12, 10] and the [19, 15 ] structures, we found clear differences between the Staufen targets and non-targets for both structures. Specifically, we assessed the presence of various structural features: (i) unpaired bases, which refer to those bases that do not have a corresponding partner base on the other strand of a stem, (ii) mismatches, which refer to two bases that are found across from one another in a secondary structure but are not canonical base pairs, (iii) internal loops, which are loops emanating from within the dsRNA stem that contain at least one mismatch and, possibly, some unpaired bases, and (iv) bulge loops, which are loops emanating from within one strand of the stem and that contain only one or more unpaired bases. These are diagrammed in Figure 5A .
Comparing Staufen targets with non-targets, our analysis revealed that the [12, 10] and [19, 15] structures in the targets had significantly fewer unpaired bases (Supplementary Figure S8) as well as a weak preference against mismatches. The bias against unpaired bases also manifested as a significant depletion for bulges in the target set (Supplementary Figure S8) . In addition, there was a significant preference for smaller internal loops or bulges in the Staufen targets than the nontargets (Supplementary Figure S9) . Taken together, these results suggest an overall model in which Staufen binds [12, 10] and [19, 15] dsRNA stems that have a small number of mismatches, zero or few unpaired bases and short internal loops.
Many transcripts in both the target and non-target sets contain multiple [12, 10] and [19, 15] structures; as such, we next considered the same criteria at the transcript level to determine features associated with the 'best' Staufen site in each transcript. We did this by assigning each transcript a mismatch, unpaired base, and loop count as well as loop length equal to the minimum of those values across all [12, 10] and [19, 15] structures in that transcript's 3 0 UTR. This analysis also revealed a significantly lower number of unpaired bases in the 'best' structure in Staufen target transcripts compared with non-targets, which also manifested as an even stronger preference for balanced stems (i.e. those containing only paired or mismatched bases and no unpaired bases) (Figure 7 ). In particular, 82% of Staufen targets that had at least one [12, 10] structure contained a balanced [12, 10] structure (compared with 47% in non-targets). We use the designation [12,10,0] to describe these balanced structures where the last number refers to the maximum number of unpaired bases in the structure. The enrichment among the Staufen targets for transcripts containing balanced [19, 15] structures (i.e. [19, 15, 0] ) was even more striking (67 versus 12%). Because many more Staufen target transcripts have [19, 15] structures than do non-targets, if we define a Staufen-bound transcript as one containing a [19, 15] that is balanced (i.e. [19, 15, 0] ), this rule would be satisfied by 44% (n = 24) of the target transcripts but only 3% of the non-target transcripts (n = 42).
We note that Staufen sites defined by previous structural, in vitro and/or in vivo studies are not nearly as predictive of its binding as the [12, 10] and [19, 15] structures: using the criteria described earlier in the text, only 31% of all targets and 4% of the non-targets contain a perfect 12 bp region of dsRNA (i.e. [12, 12, 0] ), which was defined as an optimal structure for Staufen dsRBD3 binding (30) , and none of the target transcripts and only two of the non-target transcripts (0.1%) contain a perfect 0 UTR does not contain one of these high-confidence sites. However, we can slightly refine our model of the [12, 10] and [19, 15] structures to [12, 10, 2] and [19, 15, 4] , respectively ( Figure 5) . A model including these latter structures is better at distinguishing Staufen targets from non-targets than the [12, 10] and [19, 15] structures. Although this model removes individual sites from the Staufen target set, all Staufen targets with a [12, 10] or a [19, 15] structure contain at least one [12, 10, 2] or [19, 15, 4 ] structure, respectively. On the other hand, this rule reduces the number of non-target transcripts with these structures by removing those that have a large number of unpaired bases in the partner region (e.g. one [19, 15] structure in the non-target set had >100 unpaired bases). Note that all [19, 15, 0] structures are also [19, 15, 4] structures because the latter includes structures with three, two, one and zero unpaired bases. In total, 65% of Staufen targets and 18% of non-targets contain a [19, 15, 4] structure, whereas 82% of Staufen targets and 33% of non-targets contain a [12,10,2] structure.
Definition of Staufen-recognized structures (SRSs)
Having defined the structural characteristics of the dsRNA stems bound by Staufen, we next mapped these structures onto: (i) the 3 0 UTRs of the Staufen target transcripts; (ii) length-matched non-target transcript 3 0 UTRs; and (iii) a random subset of non-target 3 0 UTRs (Supplementary Figure S10) . This led us to note a substantial overlap of [19, 15, 4] and [12,10,2] structures in the Staufen target set. As such, we next assessed whether the [12, 10, 2] structures are independently associated with Staufen binding or if they are simply features of more predictive [19, 15, 4] structures. To do so, we first assessed whether the presence of [12, 10, 2] in the absence of [19, 15, 4] was predictive of Staufen binding by comparing Staufen target and non-target transcripts that did not contain a [19, 15, 4] structure. We found that 47% (9 of 19) of such transcripts in the Staufen target set have a [12,10,2] structure, whereas only 22% (279 of 1245) of the non-targets have one (P = 0.02, Hypergeometric test). We then asked whether Staufen target transcripts were more likely to have a [19, 15, 4] structure that contained a [12,10,2] structure than nontargets. Here, we found a highly significant difference: 94% (34 of 36) of Staufen target transcripts with a [19, 15, 4] structure had one containing a [12,10,2] structure but only 61% (174 of 283) of such non-target transcripts did (P < 2 Â 10 À5 , Hypergeometric test). We also noted a similar, but not statistically significant, preference for [19,15, are also more likely to be found in Staufen targets as features of [19, 15] structures.
Based on these results, we define three classes of SRSs: Type I is a [19,15, Figure 5D . Figure 8 individually compares the true-and falsepositive rates for each of the aforementioned structures. If we classify transcripts based on which type of SRS they contain, we achieve an AUROC of 81.6% by training the whole data set (i.e. as described earlier in the text, the union of the Staufen targets from the synthetic and GFP 5-fold data sets, and the set of co-expressed non-targets consisting of the intersection of the non-targets from the two data sets), which is comparable with that achieved on held-out data by a logistic regression classifier that uses presence or absence of all the structures mentioned in the previous paragraph plus 3 0 UTR length as features (data not shown). Because we used the training set to define these structures and the SRSs, the AUROC is likely to over-estimate the classification performance we should expect on new data; however, we suspect that this over-estimate is small because (i) we used a simple classification model; (ii) the enrichment P-values we used to define these features were all highly significant; and (iii) we only made a small number of feature selection choices. We also note that [12,10,0] lies directly on the curve; therefore, it has no added classification power in our training set above the three types of SRSs, and, as such, we do not identify it as an additional SRS. [19, 15, 0] lies slightly to the left of the ROC curve formed by the three SRSs; therefore, it does have added classification power; however, the increase is small, and, as such, we omit it as a separate feature to ensure that the SRSs are nested, thereby forming the basis of our transcript scoring scheme (see 'Materials and Methods' section).
The crystal structures of dsRBDs from Drosophila Staufen or yeast Rnt1p endonuclease bound to dsRNA show interactions between the RBD and the hairpin loop (30, 58) . We, therefore, next asked whether there was any preference for the location of the three types of SRSs relative to hairpin loops. We scored transcripts based on the linear distance on the mRNA transcript between the two paired regions in the SRS and found that this minimum distance was significantly larger in target transcripts for Type I SRSs but shorter for Type II and Type III SRSs (Supplementary Figure S11) . These results were, therefore, inconclusive with respect to the preferred location of SRSs relative to hairpin loops.
Mapping of SRSs in Drosophila and human mRNAs
We next mapped the locations of the three types of SRSs within the 3 0 UTRs of all Drosophila mRNAs (Supplementary Table S17 ). Figure 9 shows the locations of SRSs in the 3 0 UTRs of the Staufen target transcripts, length-matched non-target transcript 3 0 UTRs and a random subset of non-target 3 0 UTRs. We then asked whether the identified Drosophila SRSs predict human Staufen targets better than 3 0 UTR length alone and found that none had better AUROC than 3 0 UTR length for either Staufen1 or Staufen2 (Supplementary Table S18 ). These results, as well as the failure to predict a motif for Drosophila Staufen from the GFP 2-fold data set, may be a consequence of these lists containing a significant fraction of weakly associated targets or co-expressed transcripts that are not normally bound by Staufen but are scored as bound in these data sets due to overexpression of the tagged Staufen protein used in the RIP-Chip experiments. As such, those transcripts may not be enriched for SRSs (see 'Discussion' section).
Finally, to assess whether SRSs map to the experimentally determined in vivo Staufen-binding sites, we focused on Drosophila bicoid (13, 31) and human ARF1 (32). In the bicoid 3 0 UTR, the SRSs mapped almost exclusively to the three experimentally determined Staufen-binding regions ( Figure 10A ): for Type II SRSs, the precision was 1.0, and for Type III SRSs, the precision was 0.94 (baseline precision = 0.47; there were no Type I SRSs). For human ARF1's 3 0 UTR, again, the SRSs mapped almost exclusively to the two known Staufen1-binding regions ( Figure 10B ): for all three types of SRSs, the precision was 1.0 (baseline precision = 0.13). Taken together, these results provide strong evidence that the [ 12, 10, 0] Type III [19, 15, 4] [ 19, 15, 0] Type II Type I [12,12, Type II SRS = [19, 15, 4] & [12, 10, 2] Type I SRS = [19, 15, 0] & [12, 10, 0] computationally identified structures correspond to bona fide, in vivo Staufen-binding sites.
DISCUSSION
Here, we have performed RIP-Chip to identify mRNA targets of Staufen in vivo in early Drosophila embryos, using a synthetic antibody to immunoprecipitate endogenous Staufen and an anti-GFP antibody to immunoprecipitate transgenic GFP-Staufen. In silico analyses of the functions and subcellular localization of these bound transcripts suggested novel roles for Staufen in early embryos. In addition, computational analyses identified dsRNA structures that are highly specific to Staufen's in vivo targets. 
Cam
Localization and functions of Staufen-associated transcripts
The localization patterns of the Staufen-associated transcripts that we have identified here are largely consistent with known localization of Staufen protein in early Drosophila embryos. We found strong enrichment for posteriorly localized mRNAs among Staufen's targets, consistent with the fact that Staufen is concentrated at the posterior of early embryos (8) . The 30 newly identified posterior-localized Staufen targets include mRNAs that encode additional post-transcriptional regulators, several of which are known to function in the germ plasm (nanos, arrest, lost, Imp and orb). Thus, Staufen may play a more general role in localization and regulation of germ-plasm transcripts than previously suspected.
Our gene set annotation enrichment analyses suggest that Staufen also plays a more general role in cell fate specification than previously thought, via regulation of mRNAs encoding intra-and inter-cellular signalling molecules, as well as transcriptional and post-transcriptional regulators. This more general role may not be limited to early embryos but might extend into the developing nervous system as well, as Staufen targets were enriched for transcripts that confer neuroblast and neuronal fates. Although Drosophila Staufen was previously known to localize prospero transcripts in the neuroblast lineage (14-17), a more general role for Drosophila Staufen in neuronal development and function is consistent with the previously reported role of mammalian Staufens in these processes (18) (19) (20) (21) (22) (23) .
Our gene set annotation enrichment analyses also suggest that Staufen may serve a more general role in regulating transcription in early embryos via the basal transcriptional machinery, additional homeodomainencoding transcripts and several known epigenetic regulators. One of the new targets encodes Zelda (also known as Vielfaltig), an important regulator of zygotic genome activation during the maternal-to-zygotic transition (59) (60) (61) (62) . Thus, Staufen may regulate both spatial and temporal aspects of zygotic transcription.
Finally, our analyses suggest a potential role for Drosophila Staufen in regulation of alternative splicing and/or a preference for binding to alternatively spliced transcripts. Although Drosophila Staufen has not been observed to localize to nuclei, it contains at least one putative nuclear localization signal as predicted by NLStradamus (63) and NucPred (64) web tools. Furthermore, mammalian Staufen1 contains a nuclear localization signal, has been observed in nuclei (27, 28, 65) and has been shown to function in splicing regulation (26) . Posterior localization of one of Drosophila Staufen's targets, oskar, requires splicing of its first intron and deposition of the exon junction complex (9, (66) (67) (68) (69) (70) (71) . This raises the possibility that Staufen's role in posterior localization of its targets could, in part, be related to a function in splicing regulation.
The role of 3
0 UTR length in Staufen's targets
We have shown that 3 0 UTR length is a major feature that distinguishes both the Drosophila and human Staufen targets from non-targets. Our analyses also indicated that the targets of single-stranded RBPs had long 3 0 UTRs relative to co-expressed but unbound transcripts. However, the fold-increase was less than for fly and human Staufen targets: 1.5-2.5-fold rather 3.0-4.5-fold. Thus, although Staufen targets have particularly long 3 0 UTRs, long 3 0 UTRs are a feature of the targets of both double-stranded and single-stranded RBPs. Indeed, long 3 0 UTRs may be a feature of post-transcriptionally regulated transcripts in general, particularly maternal mRNAs (72) and nervous-system isoforms of mRNAs (73) . We speculate that there may be a correlation between the extent that a particular mRNA is posttranscriptionally regulated and the length of its 3 0 UTR. If so, an implication of our results is that Staufen targets have particularly long 3 0 UTRs because they undergo a great deal of such regulation.
An alternative explanation is that the 3 0 UTR length derives from a particular mechanism that is specific to this set of targets. For example, studies of human Staufen suggest that Staufen-mediated decay (SMD) is dependent on the presence of an upstream termination codon, and therefore Staufen binding sites that direct SMD must be located in the 3 0 UTR of targets (23) .
In addition, in yeast, C. elegans, Drosophila and mammals, transcripts with longer 3 0 UTRs show increased susceptibility to nonsense-mediated decay, which shares many mechanistic similarities with SMD (74) (75) (76) (77) (78) (79) . It is therefore possible that the longer 3 0 UTRs of Staufen targets may be important for SMD. There is not, however, currently any evidence for SMD in Drosophila embryos. If SMD were a major role of Drosophila Staufen, then a large fraction of its targets should be degraded and, although 19 to 25% of the Staufen targets we have identified are degraded in early embyros, this number is similar to the overall percentage of maternal mRNAs that is cleared (72, 78) .
Staufen-recognized secondary structures
Previous in vitro studies on the binding of dsRBD3 from Drosophila Staufen to artificial RNA substrates (30) [12, 10, 2] . Together, the Type I, II and III SRSs map to the previously identified Staufen-binding regions in Drosophila bicoid and human ARF1 mRNAs with a precision of !0.94.
To our knowledge, this is the first report that uses genome-wide in vivo binding data to define structural preferences-and thus specificity-for a double-stranded RBP. Although in vitro studies have suggested that mismatches or unpaired bases in dsRNA stems reduce the degree of dsRBD-RNA binding (6, 30, 82) , all three SRSs predicted from our in vivo data allow one or more mismatches, and Type II and III SRSs also allow unpaired bases. Consistent with this finding, in Drosophila, the experimentally identified regions within the 3 0 UTR of bicoid RNA that are required for Staufen binding contain imperfect stems of the length and mismatch number predicted by our computational analysis (13) . Moreover, in other cases, where the binding of dsRBDs to endogenous substrates has been studied, bulges or mismatches are often present. For example, mammalian ADAR2 binds a structure in GluR-2 mRNA referred to as the R/G stem-loop, which contains mismatches required for binding (83, 84) . In addition, mammalian PKR binds to a variety of cellular and viral RNAs that contain mismatches (28, (85) (86) (87) . Thus, a perfect Watson-Crick/G-U dsRNA helix is not a prerequisite for dsRBD binding; indeed, we argue that imperfect stems provide the major specificity of Staufen's binding to its targets. Experimental analyses will be required to test this proposal. We note that our definition of SRSs permits noncanonical base pairs (or the rotation of unpaired bases) that lead to stable A-form helical stems in the absence of perfect canonical base pairing. Indeed, the strong preference for mismatches over unpaired bases supports this possibility.
How does Staufen recognize and bind stems of different lengths?
In addition to being imperfect stems, the SRSs we have identified are comprised of two major substructures of length 19 and 12, with the latter often contained within the former. One possibility to explain how Staufen binds structures with different lengths is that the shorter stems mediate the binding of a single dsRBD and the longer stems mediate the binding of two or more dsRBDs, either housed in the same dsRBP or in two simultaneously bound dsRBP molecules. Indeed, it has recently been shown that mammalian Staufen 1 and 2 can form both homo-and heterodimers in vitro as well as in tissue-culture cells (25, 88) . Consistent with the possibility that the longer stems mediate the binding of two or more dsRBDs, three of Staufen's dsRBDs bind RNA in vitro (9) and structural studies of Xenopus Xlrbpa and mammalian ADAR2 have shown that the binding of a single dsRBD involves interactions with only one face of a dsRNA helix, thereby allowing a second dsRBD to bind a different face of the same helix (81, 83, 84) .
A second, not necessarily mutually exclusive, possibility is that that the short Type III SRS represents the binding site for a dsRBD only in the context of a stem-loop structure, whereas the longer SRSs represent binding to stems with no adjacent hairpin loop. With respect to the former, in vitro studies of the binding of dsRBD3 of Drosophila Staufen to RNA stem loops have shown that a stem length of 12 bp with a loop is optimal for binding, and that, in this context, the dsRBD makes contacts with the loop as well as the stem (30) . Similarly, the structure of the dsRBD from the yeast Rnt1p endonuclease bound to a small nucleolar RNA substrate shows binding to a 13 bp stem capped by a tetraloop, with the protein again making contacts with both stem and loop (58) . With respect to the longer SRSs, the mammalian Staufen1-binding site within ARF1 mRNA appears to be a 19 bp stem with no adjacent hairpin loop (i.e. the 'loop' enclosed by the stem contains multiple hairpin loop structures), and mutations that shorten this stem reduce Staufen binding (32) . That different dsRBDs in the same protein may have different binding preferences is supported by data from mammalian ADAR2: one of its dsRBDs prefers hairpin loops, whereas the other prefers duplexes that contain mismatches within internal loops (83) .
Staufen levels as a determinant of target mRNA selection
Our data suggest that modest changes in the levels of Staufen might have a significant effect on its compendium of bound mRNAs. Thus, mechanisms that regulate the levels of Staufen could have biologically relevant effects on the processes that Staufen regulates. This has important implications for RIP experiments that use over-expression of tagged Staufen proteins, and likely other dsRBPs, in cell lines or in vivo, as they may lead to identification of spurious target mRNAs. It may be argued that Staufen and other dsRBPs are particularly prone to artefactual target mRNA identification because of their propensity to bind a range of double-stranded motifs rather than to specific sequences. However, given the low complexity and the redundancy within the recognition sites of many sequencespecific RBPs, it is possible that target site selection for many RBPs is strongly influenced by RBP levels.
